Two series of amorphous silicon nitride films were deposited using a chemical vapour deposition (CVD) reactor with two and three electrodes. Nitrogen gas and silane diluted with argon mixture (5% SiH 4 + 95% Ar) were used as the working gas. The silicon nitride films were deposited at the same time on CaF 2 and aluminium-coated glass substrates at 300 °C. Changing of the injected gas ratios allowed us to shift the band gap of the films in the 1.85-5.15 eV range. From AFM analysis it was found that the samples deposited in a three-electrode chamber demonstrated lower surface roughness. The electrical measurements revealed that the samples deposited in the three-electrode CVD reactor demonstrated lower leakage current and higher breakdown voltage. The composition of layers was investigated using energy-dispersive X-ray (EDS) and Fourier transform infrared (FTIR) spectroscopies. Additionally, the composition of the deposited films was evaluated from the refractive indexes, which have been estimated by fitting the spectroscopic ellipsometry data using the Tauc-Lorenz model.
Introduction
Silicon nitride (SiN x ) films have been widely investigated due to their exceptional properties. The SiN x material is used as an effective antireflective coating and surface passivation layer in crystalline silicon solar cells [1] [2] and a diffusion barrier in the integrated circuit technology. It is also used for visible light emitting devices [3] . In addition to its perfect electrical properties, silicon nitride shows high thermal stability and mechanical strength. Refractive index, optical band gap and molecular composition of the film can be tuned depending on deposition conditions [4] . The ability to change composition of the film is required for the formation of controlled band gap nanodevices. Multilayer structures of Si/SiN x [5] and SiN x /SiN y [6] are promising as silicon-based light-emitting structures. Therefore the ability to deposit uniform layers and alter the band gap in a wide range is one of the most urgent tasks of the silicon nitride technology.
SiN x can be prepared by a number of methods including plasma enhanced chemical vapour deposition (PECVD), hot wire chemical vapour deposition (HWCVD) and direct current or radio frequency magnetron sputtering. The conventional parallel plate PECVD reactors are widely used in modern microelectronic industry. However, they have some limitations. Samples are placed on one of its two electrodes which results in energetic bombardment of the film by charged particles. The latter cause surface damage and high film stress. The damage by plasma particles using this method is a problem for compound semiconductor devices such as GaAs IC or light-emitting devices [7] . Moreover, for SiN x deposition SiH 4 mixture with NH 3 or N 2 gases is used. Due to higher dissociation energy of N 2 or NH 3 compared to SiH 4 , it is complicated to incorporate a high amount of N atoms into a deposited layer [8] . The deficiency of nitrogen in the film could be solved using the HWCVD technique. This deposition method allows depositing the SiN x films with a high nitrogen and a low hydrogen concentration. One of the weaknesses of the HW-CVD technique is the reaction of a filament with silane gas. This leads to a degradation of the filament.
In this work, an effective approach based on plasma separation by a net electrode has been proposed for deposition of the SiN x films with a high nitrogen concentration and a uniform surface. It should be noted that nitrogen gas has been used as an N source. In comparison with ammonia gas, nitrogen gas is environment-friendly and less expensive to produce, but the dissociation into nitrogen atoms is more difficult.
The use of nitrogen gas as a source of nitrogen atoms in our three-electrode CVD device allowed us to grow the SiN x layers, whose energy gap could be changed in a wide range of energies. We have studied the optical, morphological, compositional and electrical properties of these layers, which were compared with the properties of the SiN x layers grown in the two-electrode CVD equipment because the data about deposition of the SiN x layers in a three-electrode chamber by other authors are absent.
Experiment
In the same two-and three-electrode deposition CVD chambers two series of samples were produced simultaneously yielding layers on both CaF 2 and on Al-coated glass substrates. The first series of samples (SiN x -III) were produced using the method of RF PECVD chamber with three horizontal stainless steel electrodes (Fig. 1) . N 2 gas was injected with a gas flow rate up to 10 standard cubic centimetres per minute (sccm) through a grounded showerhead electrode (D), which ensured a uniform flow of gas. Due to high nitrogen and silane gas dissociation energy difference, the silane and argon gas mixture SiH 4 (5%) + Ar (95%) entered the field of plasma through a side nozzle in the reactor. The plasma was excited between the shower (D) and the grid (T) electrode using the constant power of a 23 MHz frequency generator (G). The negative DC voltage was applied to the sample holder (S) because in the case of the grounded sample holder, the plasma region spreads into the deposition chamber and gets in contact with the growing surface of SiN x . The deposition growth rate of the film linearly increased with the increase of the negative voltage of the sample holder, but it also increases the possibility of electrical breakdown in the deposition chamber (Fig. 2) . After several attempts it was found that -30 V is optimal at which electric breakdown does not occur. The distance from the electrode T to the shower shape electrode was 3.5 cm (l 1 ) and 7 cm was the distance (l 2 ) to the sample holder. The second series of samples (SiN x -I) were deposited in the CVD chamber without the net electrode T. In this case, the power generator has been connected to the S and D electrodes as in the conventional parallel-plate CVD reactor. The distance between the electrodes was 3.5 cm. It should be noted that this distance is three times smaller than that in the previous method. For the deposition of all the layers the temperature of substrate and the pressure of gas mixture in the chamber was 300 °C and 0.2 Torr, respectively. The thickness of the SiN x films varied from 556 nm to 606 nm. The gas flows and deposition rates are shown in Table 1 .
For electrical measurements the 1 mm in diameter Al electrodes were vacuum evaporated on the top of the SiN x films. In order to evaluate stoichiometry of the films the energy-dispersive X-ray spectrum (EDS) was measured at 4 kV electron acceleration voltage. Using a Lambda 1050 UV-Vis spectrophotometer (Perkin Elmer Inc.) optical absorbance of the SiN x films was investigated. The surface of the films was tested using atomic force microscopy (AFM). The electrical properties of the films were measured and analysed. Bond structures and composition of the SiN x -III films were investigated in more detail using Fourier transform infrared spectroscopy (FTIR). Also, spectroscopic ellipsometry (SE) measurements were performed using a dual rotating compensator ellipsometer RC2 (J.A. Woollam Co, Inc.) at the incidence angles of 45, 55 and 65 deg in the 200-1700 nm wavelength range.
Results and discussion

EDS measurements
Elemental composition of the films was determined using EDS measurements. Due to deep penetration of the electron beam into the layer, EDS measurements are not so attractive for the thin film characterization. For X-ray generation the energy of electron beam must be at least twice bigger than the highest energy of excited X-ray radiation. In the case of SiN x , the highest intensity of X-ray radiation is emitted as a K α photon of Si at approximately 1.78 keV. For the EDS measurements and according to the Monte Carlo simulation using CASINO v2.42 software [9] , the 4 kV acceleration voltage was selected.
The EDS spectrum allowed us to estimate the N/ Si (N/Si = x) atomic ratio of the samples (Table 1 ). An additional electrode in the CVD chamber allowed us to incorporate a high amount of nitrogen (x = 1.44) into the SiN x films at a low gas volume ratio of N 2 /SiH 4 (R = 1.59). Influence of the additional electrode in the deposition chamber can be clearly seen by comparing the samples deposited with the same gas flow ratio (R = 1), but with different electrode configuration. The three electrode CVD chamber allows to deposit the SiN x layers with higher concentration of nitrogen (x = 1.35) at the same gas flow. In the latter case, the silane and argon gas mixture has no direct contact with the plasma, leading to the formation of a limited quantity of silane moieties which during the growth of the layer can act as the precursors.
The EDS spectrum revealed absence of Al in the SiN x layers, although the films were deposited on aluminium-coated substrates. The latter result allowed us to state that the thicknesses of the SiN x films were sufficient so that the electron beam was fully absorbed and electrons did not reach the substrate. These measurements confirmed the numerical modelling results. All the deposited SiN x films contain a small amount of oxygen (2-4%) and carbon (1-2%).
Optical measurements
The UV-visible absorption spectra of the films deposited on CaF 2 substrates were measured. The optical energy band gap value of the film can be obtained from absorption measurements using the well known Tauc's formula [10] :
where α is the absorption coefficient, B is the constant, hν is the photon energy and E g is an optical band gap. In Fig. 3 the Tauc's plots of the deposited SiN x samples are shown. Linear extrapolation of the curve allows to set E g because the Tauc's model considers only direct optical transitions. The oscillation observed in the spectrum is determined by the interference fringes in the film. Using a three-electrode CVD chamber it was possible to change the width of the energy gap from 1.85 eV (amorphous silicon) to 5.15 eV (R = 1.59) with increasing the gas ratios R ( Table 1 ). The latter electrode configuration was much more sensitive to gas ratio variation than in the case of parallel-plate configuration. Moreover, using the parallel-plate configuration the widest band gap of the samples was only 3.9 eV at R = 10. As expected, the band gap of silicon nitride increased with increasing nitrogen content in the films for both series of the samples. 
Surface roughness
Surface roughness of the SiN x samples, prepared using different configurations of the chamber, was examined using AFM. The stoichiometric layers (x = 1.35 of SiN x -III and x = 1.21 of SiN x -II) that have been deposited on aluminium-coated glass substrates were chosen for comparison. Figure 4 shows the surface morphology of the films. It is clearly seen that the surface of the SiN x -II film consists of higher density and larger nanometre-size grains than ones of the SiN x -III sample. The measured root-mean-square roughness of the area was 9.4 nm and 3.9 nm for the SiN x -II and SiN x -III films, respectively. This difference could be due to different configuration of the electrodes in the chamber. In a parallel-plate reactor the surface of the layers is bombarded by the charged particles, which may lead to a rougher surface of the layer. On the other hand, this difference in roughness may also be influenced by different deposition rates because the parallel-plate CVD configuration causes accelerated film growth, which can lead to higher surface roughness.
Breakdown strength and leakage current
For application purposes a critical parameter of the dielectric layer is a magnitude of breakdown electrical field. Although the breakdown voltage is an intrinsic property of the material, however, the maximal breakdown magnitude may vary depending on the surface roughness, imperfections as well as on the thickness of the film. Even the area of the electrode has influence on the magnitude of breakdown voltage [9] . The samples, which have been tested using AFM, were chosen for electrical measurements. The measurements of current-voltage (I-V) characteristics were made for the both polarities of voltage on the electrodes, however, the I-V dependences were identical. In Fig. 5 the current density dependences on the electric field of the samples deposited in the two-and three-electrode systems are compared. The current density dependence at high electrical field can be interpreted as the Poole-Frenkel (PF) emission [12] . The PF emission occurs due to the field-enhanced thermal emission of trapped electrons to the conduction band, and the current density is described by a general expression ,
where 0 3 / πεε β q = , A is the constant, Φ B is the barrier height, ε is the dielectric permittivity, k is the Boltzman constant, and ξ is the correction factor which may vary between one and two, depending on the amount of the compensating acceptor. The PF plot of ln(J/E) versus E yields a straight line:
.
The typical linear part of the PF plot is shown as an insert in Fig. 5 and is taken as the evidence of PF conduction. The slope of the PF plot is proportional to β and can be expressed by .
The experimentally measured slopes for the SiN x -II and SiN x -III samples are 0.0129 and 0.0121, respectively. The theoretical value of the slope S for stoichiometric Si 3 N 4 (ε = 7) is 0.0111, which is fairly close to the measured values. If we assume that ξ = 1, then ε = 5.2 and 5.9 for the SiN x -II and SiN x -III samples, respectively. The discrepancy may occur since ξ is not strictly equal to one and depends on the nature and density of traps in the film. For the determination of ε we consider that electrical field in the film is homogeneous, however, it is known that the charge carriers injected into the SiN x film are trapped and create a space charge. The dielectric constant in the visible range (~500 nm) is ~4 and the static dielectric constant is around 7, therefore, the dynamic dielectric constant must range between 4 and 7 [13] .
The SiN x samples deposited using the three-electrode CVD reactor, at the same electric field, demonstrated lower current density compared to that of the samples prepared using the two-electrode configuration CVD reactor. Since most of field-effect devices operate at approximately 2 MV/cm electrical field [14] , it is reasonable to compare current density particularly at this electrical field strength. At 2 MV/cm, the average current density is 3.6 × 10 -9 A/cm 2 and 7.9 × 10 -8 A/cm 2 for the SiN x -III and the SiN x -II films, respectively. The measurements on different electrodes of the same sample did not show any significant fluctuation of current magnitude while the breakdown strength ranges from 4.6 MV/cm to 5.3 MV/cm for the SiN x -III and from 3.4 MV/cm to 3.9 MV/cm for the SiN x -II films. In our case, taking into account the AFM measurements, lower breakdown strength of the SiN x -II film can be explained by higher surface roughness and not necessarily by the intrinsic properties of material. In the region of weak electrical fields the current density dependence on the electric field corresponds to the Ohm's law [11] . In a weak electric field (0.5 MV/cm), the average estimated resistances of the 14 Ω cm, respectively. Although the electrical properties of PE CVD silicon nitride depends on the method of deposition, the both samples demonstrate a decent resistivity value of >10
13 Ω cm [11, 15] .
FTIR measurements
The structure of the bonds of SiN x -III material was examined using the FTIR method. The FTIR measurements were performed in the specular reflection from the SiN x samples deposited on aluminium-coated glass substrates, thus, for estimation of density of the bonds double thickness of the layer has been used. As the layer thickness is less than half of the irradiation wavelength, possible changes of the positions of absorption bands may be expected [16] . Figure 6 shows the FTIR spectra of the SiN x -III samples deposited at different gas ratios. Interference effects in the films were removed from the spectra via the base line correction technique, and the spectra were normalized to the ~2185 cm -1 absorption band. The peak at ~860 cm -1 is assigned to the vibrations of Si-N asymmetric stretching [17] . The shoulder at ~1180 cm -1 and the vibration band at ~3345 cm -1 are attributed to the N-H rocking and stretching modes, respectively [17, 18] . The peak at ~2185 cm -1 is assigned to the Si-H stretching band [17] . This absorption band demonstrates the blue shift with increasing gas ratio. The samples, deposited at higher gas ratios, also exhibit a small peak at 1545 cm -1 , which can be assigned to the NH 2 bending vibration [19] . The IR absorption areas of Si-H and N-H bonds were integrated and multiplied by the constants determined by Lanford et al. [20] . This allowed us to evaluate the density of Si-H and N-H bonds ( Table 2 ). The stoichiometry of the film was obtained from the following expression [21] : . Regardless of the methods used in the study, the evaluated Si/N ratio increased with the value of R, however, slight changes of the final values of the Si/N ratio were observed (Table 2 ).
Ellipsometric measurements
Experimental SE data in terms of the ellipsometric parameters Δ and Ψ for the SiN x -III sample are presented by dots in Fig. 7 . The clearly pronounced oscillations are due to interference from the SiN x layer. The oscillations fade out in the short-wavelength region above the absorption onset of SiN x . The refractive index of SiN x was determined from the experimental SE data using hydrogen bonding, resulting only in a rough estimation of stoichiometry [27] . Samuelson et al. [28] concluded that only the N-H/Si-H bond ratio was directly correlated with the refractive index of SiN x , whereas the N/Si ratio does not have such simple correlation. In our research the N/Si ratio, estimated from Eq. (7), increases with increasing the gas ratio injected into the deposition system (Table 2 ).
Conclusions
Using a three-electrode and conventional two parallel-plate CVD chamber two series of SiN x films were deposited. Although in the three-electrode reactor the layer deposition rates (~4.6 nm/min) were lower than the deposition rates in the parallel-plate reactor (up to 8.2 nm/min), however, lower deposition rate results in lower roughness of surfaces, together with lower leakage currents and higher breakdown voltages of the films. As expected, for both series of the samples the optical band gap increased with an amount of nitrogen in the layer. At the same N 2 /(SiH 4 +Ar) gas ratio, the stoichiometric index x of the layers deposited in the three-electrode reactor was higher than that of the layers deposited by the two-electrode reactor. The highest content of nitrogen (x = 1.44) in the film with the widest band gap (5.15 eV) was achieved in the three-electrode reactor.
the three-phase model: Al covered glass substrate, SiN x layer with surface roughness, and ambience. The best fit was achieved employing the Tauc-Lorentz model [22] , which uses the Tauc expression (1) multiplied by the complex dielectric function of the Lorentz oscillator. The obtained refractive index of SiN x varied in the range from 1.6 to 2.1 (at 632 nm) depending on nitrogen concentration. The insert of Fig. 7 shows the refractive index of the SiN x -III series of samples as a function of wavelength. Silicon rich samples demonstrate higher values of the refractive index. This is a common pattern for silicon nitride. Stoichiometry of the film can be estimated from the refractive index n according to [23] .
Here n a-Si and n Si 3 N 4 are the refractive indexes of amorphous silicon and stoichiometric silicon nitride, respectively. For evaluation of the N/Si ratio the refractive indexes n = 3.4 for amorphous silicon, as measured in the sample with R = 0, and n = 1.9 for nearly stoichiometric a-Si 3 N 4 , as suggested in Ref. [24] , have been used. Thus, N/Si ratio can be evaluated using the equation: .
The films deposited using the chemical vapour technique contain a significant amount of hydrogen [17, [25] [26] , but Eq. (7) neglects contribution from 
